A novel, high-efficiency, scalable, near-isothermal, energy storage system is introduced. A comprehensive analytical physics-based model for the system is presented. Efficiency improvement is achieved via heat transfer enhancement and use of waste heat. Energy storage roundtrip efficiency (RTE) of 82% and energy density of 3.59 MJ/m 3 is shown.
Introduction
To increase the penetration of renewable energy technologies, low-cost, high roundtrip efficiency (RTE) energy storage solutions are necessary to avoid grid instability resulting from the intermittent nature of renewable sources [1, 2] . About 99% of currently installed electrical energy storage capacity worldwide consists of pumped-storage hydroelectricity (PSH) [3, 4] , which is a largescale/capacity (MW-GW), high RTE (65-87%), technologically mature solution [4, 5] , costing up to $100/kW h [4] [5] [6] . PSH operates via a simple principle: during charging, water is pumped from a lower reservoir to an upper reservoir and during discharging, or energy extraction, the water flows from the upper reservoir down to the lower reservoir, through a turbine which dispatches electricity via an electrical generator. Site selection for PSH has been difficult because it is geographically limited to sites where a large head of water can be developed by large differences in height (>500 m ideally) [7] . Additionally, market conditions for large-scale storage systems vary and are unfavorable in some countries, which hinders the development of new projects.
Compressed air energy storage (CAES) is another large-scale/ capacity storage technology that has been considered where PSH is not feasible. With CAES, off-peak electricity is used to compress atmospheric air into underground hard-rock or salt caverns using reversible motors/generators turning a chain of gas compressors. An above-ground system of vessels or pipes can also be used instead of underground caverns, for smaller scale CAES systems [5, 8] . For electricity extraction, the compressed air is released and mixed with natural gas as it expands and is burned through a gas turbine. Similarly to PSH, large-scale CAES is limited to suitable geographical locations, in this case, locations where the topography allows for naturally occurring underground caverns [9] . So far, there are only two commercial CAES plants in operation; they are located in Huntorf, Germany, and MacIntosh, Alabama [10] .
Conventional CAES suffers from low roundtrip efficiency ($40 to 50%) because of the significant energy losses in gas compressors [5, 11] . These CAES systems are reported to cost up to $120/kW h [5] . CAES as a technology is undergoing rapid improvement. It is attracting much research interest [6] , and a number of more advanced CAES concepts are currently at the research and development stage.
More recently, advanced adiabatic CAES (AA-CAES) systems have been proposed, and the development is ongoing [12, 13] . This advanced CAES concept produces higher efficiencies than conventional CAES configurations by storing the heat of compression for use during discharging. Efficiencies around 70% have been reported for AA-CAES [5, 11, 12] . Furthermore, technical comparisons among various adiabatic CAES plant configurations have been reported [14] . Plans for the world's first demonstration of an AA-CAES plant were underway in Germany [15] ; however, development was stopped because of poor economic feasibility.
A variation of AA-CAES that results in trigeneration (T-CAES) (combined energy storage, heating, and cooling) for microscale CAES systems has been proposed [16] [17] [18] . Similar to AA-CAES, the heat of compression is removed and stored; however, instead of being dispatched during expansion at the turbine inlets, it is used to fulfill a heating need. This causes the discharge phase air inlet temperature to be low, and cooling energy is obtained at the end of the expansion stage which can then be used to fulfill a cooling demand. With such a configuration, a T-CAES plant would need to be co-located with the energy, heating, and cooling demands because of the technological challenges associated with transferring thermal energy over large distances [17] . Hybridization for trigeneration has a moderate effect on cycle efficiency, as peak efficiencies in the 30-60% range (depending on ambient conditions, component efficiencies, and other configuration specifications) are reported [17, 18] .
The low-temperature adiabatic CAES (LTA-CAES) is another proposed variant to AA-CAES [19] . This concept aims to avoid the technical challenges of dealing with the high thermal energy storage temperatures and high pressures with AA-CAES [19] . In Ref. [19] , it is shown analytically that reducing the maximum process temperature does not incur roundtrip efficiency penalties, and a plant design which reduces TES operating temperature to a 90-200°C range from the typical 600°C value is presented. Roundtrip efficiencies in the range of 52-60% are reported, which is lower than AA-CAES; however, advantages over AA-CAES are reported which include fast start-up and superior part-load performance [19] . These advantages are reported to compensate for lower cycle efficiency with regard to plant profitability [19] .
A hybrid energy storage concept that is comprised of an aboveground CAES system supplemented with a liquid air energy storage (LAES) system [20] has been proposed [21] . This concept attempts to take advantage of the relatively higher roundtrip efficiency of CAES and lower cost and high energy density of LAES. The LAES hybridization serves primarily as a capacity extension mechanism. If electricity prices are low, or if energy is available from renewable sources while the CAES component of the system is already fully charged, electricity input can still be accepted by liquefying some of the compressed air to liquid air. Conversely, when electricity dispatch is needed but compressed air reserves are low or exhausted, electricity can still be dispatched by converting some liquid air back to compressed air [21] . The key component of this concept is a liquefaction subplant, which would have varying efficiency depending on scale. A roundtrip efficiency of 53% is reported in Kantharaj et al. [22] ; however, the capacity extension achieved through the LAES hybridization offers the possibility for largerscale aboveground CAES, which was previously only possible at smaller scales.
The pumped heat electricity storage (PHES) concept was recently introduced. This system stores energy by pairing a heat pump with a heat engine using thermal storage as the cold and hot reservoirs [23] . PHES systems store electrical energy via a heat pump, which pumps thermal energy from the cold storage reservoir to the hot storage reservoir. To discharge, or recover the stored energy, the heat pump operation is reversed, turning it into a heat engine cycle which spins an electrical generator for electricity dispatch. PHES is reported to be cost effective with the potential to reach high roundtrip efficiency in the range of 75-80% [24] ; however, achieving this is dependent on achieving extremely low thermodynamic losses in the compressor and expander machines [25] . Such high turbomachine efficiencies for the reciprocating devices presented for use have yet to be proven [25] . Due to the thermally activated nature of this technology, it is conceivable that heat might potentially be provided directly as an energy input; however, this has not been proposed in the literature. A pilot demonstration PHES facility was under development as recently as January 2015 [25] ; the project was suspended in January 2016 [26] .
Effective management of heat remains one of the primary challenges associated with compression-based energy storage schemes [21] . To this end, a number of concepts have been proposed advanced that use transfer via sprayed liquid droplets to achieve isothermal or near-isothermal compression [27] [28] [29] [30] . As is described in subsequent sections, the concept presented in this paper uses a similar approach to achieve near-isothermal compression and expansion. However, this approach is taken one step further in the concept and also provides for waste heat integration/ storage. This strategy is investigated via a mathematical model in this paper.
Currently, batteries are the most widely used energy storage technology in building applications [9] . Batteries rely on storing energy in the form of electrochemical energy. In batteries, several electrochemical cells are connected in series or parallel to produce electricity at a desired voltage. In general, each battery cell contains an anode (negative lead), a cathode (positive lead), and an electrolyte, which can be in solid or liquid form. When connected to an electrical circuit, chemical reactions in the battery cause electrons to build up at the anode, and charge flows through the circuit. The electrolyte serves as a source of ions. During discharging, the reverse reaction occurs. Lead-acid batteries are the oldest, most developed, and most widely used battery chemistry [5, 7] . They have been implemented in several applications, including wind energy, solar energy, and automotive use [5] . Challenges/drawbacks with lead-acid batteries include toxicity/environmental hazards [7] , challenging scale-up prospects due to limited lifespan and higher cost [7] , as well as poor deep discharge capabilities, relatively low cycling times, energy density, and challenging thermal management [5, 6] . Lithium-ion (Li-ion) technology is a newer battery chemistry which has been the focus of significant research and development efforts in recent years. Li-ion batteries have been proposed and have emerged in building applications, especially as part of integrated building energy management solutions, including smart grid initiatives [9] . More recently, Tesla has announced a 3.3 kW, 6.4 kW h, residential-scale Li-ion battery solution with reported roundtrip efficiency of 92.5%, and cost below $500/kW h [31] . Li-ion technology offers a number of advantages over leadacid, including, high cycle lifetime, high peak power capability, lower environmental impact, higher energy density, and higher cycle efficiency [5, 7, 9] . Batteries in general have higher energy capital costs than the previously discussed storage technologies, with Li-ion being even more expensive than lead-acid; this can be seen in Table 1 . Furthermore, Li-ion battery chemistries have been associated with a higher risk of fire/explosion incidents [32] .
With the exception of CAES, other storage solutions are unable to exploit the opportunity to use waste heat as an input in addition to electricity. Table 1 provides a summary of the technical characteristics of the energy storage technologies discussed. There remains a need for high-efficiency, cost-effective storage systems that are environmentally friendly, flexible, easily dispatched, easily integrated with renewable sources, and scalable across various applications from individual buildings (kW) to plant-scale (MW-GW).
In contrast to high elevation pumped hydro, the proposed concept can be installed at ground level or below, basically anywhere that can structurally support installation of pressure vessels. It integrates the use of electricity and low grade heat, and can accept a diverse range of heat sources. Thus the concept was named the Ground-Level Integrated Diverse Energy Storage (GLIDES). The GLIDES system was recently developed and demonstrated at Oak Ridge National Laboratory (ORNL) to address the need for dispatchable high-roundtrip efficiency energy storage [35] . Note that the efficiency numbers reported in Ref. [35] are based on a crude preliminary analysis that employed a large number of simplifying assumptions, and consequently the numbers are higher than those reported here. The base configuration of the GLIDES system, which is described in later sections, was introduced and initial analyses were presented in a previous study [36] . GLIDES stores energy by compressing a gas in high-pressure tanks, but it uses a highefficiency hydraulic pump instead of the conventional lowerefficiency gas compressor used in most gas compression energy storage schemes. The system is charged by pumping water into the tanks, and the volume of the gas is reduced as the water rises. Following typical gas behavior, the pressure and temperature increase. Because a spray cooling mechanism is integrated into the system, the temperature rise will be minimal. When electricity is required, the high-pressure liquid is released through a Pelton turbine coupled to a high-efficiency electrical generator, efficiently dispatching electricity. During this process, the gas volume inside the tank expands, and the pressure decreases accordingly. A fully hybridized system would employ waste heat to approach an isothermal/near-isothermal expansion process or to maintain the gas pressure inside the tank during expansion and boost the extractable energy. Waste heat (i.e., heat which is of limited economic viability for direct conversion to electricity) can be effectively used in the GLIDES system. This includes low-temperature heat (30-50°C, from HVAC condensers or cooling towers) or medium-temperature heat (50-90°C, from solar thermal receivers or combined heat and power, geothermal). Waste heat integration is an optional added feature of the GLIDES technology that can be leveraged when waste heat is readily available nearby at low cost. In the absence of readily available, low-cost waste heat, the base GLIDES configuration with no waste heat can be deployed with competitively high efficiencies.
Because system charging and discharging occurs with the rising/descending water level, the displacement volume for compression/expansion is effectively the entire volume of gas. This compression/expansion volume and heat transfer surface area is orders of magnitude larger than in typical gas compressors and turbines. Thus the gas temperature is relatively slowly affected by compression/expansion. This, coupled with the long time scale for heat transfer resulting from slow charging/discharging processes, greatly enhances the opportunity for manipulation of the gas temperature to improve RTE.
This study introduces multiple configurations of the GLIDES concept and explores the feasibility of a strategy to integrate waste heat utilization with direct contact heat exchange via spray cooling and warming. GLIDES is predicted to achieve electric RTE (g elec ) in the 70-82% range (after accounting for non-isothermal compression/expansion and conversion losses in pump/motor and turbine/generator). Coupled with the fact that energy input can come in the form of electricity or low-or medium-grade heat, this makes it a high-potential energy storage solution.
This paper focuses on the analytical comparison of the performance of different GLIDES design configurations for a system with the same size and maximum pressure rating as the first prototype and presents the results of energy analyses used to assess and quantify the feasibility of performance enhancement strategies. Experimental performance characterization of the base configuration prototype of the system is a current activity and is on its own a substantial research effort. Information regarding experimental aspects is not yet available for public release and will be presented in a future dedicated publication. Similarly, detailed $/kW h cost-analyses of GLIDES capital and installation costs at various scales are being carried out and will be presented in a stand-alone publication.
Description of the system components and configurations
As seen in Fig. 1 , the GLIDES system consists of an atmospheric pressure water storage reservoir, a pump, a pressure tank containing a gas (i.e., air or nitrogen), and a turbine and generator used to generate electricity. Positive displacement (PD) pumps are chosen to pressurize the tank and are designed for low-flow, high-head applications (e.g., 200-300 bar or about 2-3 km water head) in which their mechanical efficiencies do not substantially change over a wide pressure head or flow rate range. The mechanical efficiency of PD liquid pumps can be over 90% [37] . High-efficiency PD pumps are commercially available in a wide size range (1-500 kW). A Pelton turbine was chosen because it is a low-cost hydraulic impulse turbomachine suitable for low-flow, high-head applications (greater than 80 m water head). Pelton turbines are quite scalable and are available in a range from a few kilowatts to 300 MW. A beneficial feature of Pelton turbines is that their peak efficiency is fairly insensitive to flow rate [38] . A typical Pelton turbine can have one to five impinging jets; the flow rate and the output power can be adjusted by turning each impinging jet on or off without significantly affecting the turbine efficiency. The mechanical efficiency of Pelton turbines can exceed 93% [39] . High-pressure gas tanks, chosen as the storage reservoir (10-1000 L), are commercially available for pressures higher than 300 bar (3 km of water head).
Thermodynamic flexibility
The liquid in the GLIDES system is analogous to a gigantic, slow but no-leak piston inside a large cylinder (liquid-piston). Due to the large length scale (large-scale system) and long time scale (slow charging/discharging) seen in operation of the GLIDES system, it is possible to closely control the gas cycle and the associated heat transfer. As a result, the gas cycle can be controlled to mimic almost any major thermodynamic cycle found in the literature and also introduce opportunities for introducing even more complex thermodynamic cycles by controlling the heat transfer rate. Individual processes can be controlled to be near isothermal, and heat addition/removal can be isobaric or isochoric. Fig. 2 below shows p-v diagrams for a subset of ideal thermodynamic cycles that can be approached with the GLIDES cycle. In the cycle shown in Fig. 2(a) , charging occurs isothermally from state 1 to state 2, after which discharging also occurs isothermally back to state 1. In the cycle shown in Fig. 2(b) , charging is achieved via isothermal compression as the cycle proceeds from state 1 to state 2, then isochoric heat input occurs to state 3, after which the gas expands isentropically back to state 1. In Fig. 2(c) , process 1-2 is isothermal compression, followed by isobaric heat input to state 3, then isothermal expansion to state 4, and, finally, the system returns to state 1 as isochoric heat removal occurs. The cycle shown in Fig. 2(d) is similar to Fig. 2(c) , except process 2-3 is an isochoric heat addition. Note that Fig. 2(d) is known as a Stirling cycle.
Departure from the ideal cycles shown in Fig. 2 occurs due to real effects such as the shell heat losses during standby between charging/discharging, limited heat transfer during charging/ discharging, and heat transfer enhancement strategies such as spray cooling/heating. These will be discussed in further detail in subsequent sections. Particularly, the deviation from the ideal cycle seen in Fig. 2(a) and (d) due to real effects will be examined as a starting point for operation of the GLIDES system. Fig. 3 depicts the three different GLIDES configurations investigated in this study. The image at the left shows the base GLIDES configuration described earlier; detailed specifications and performance for this configuration are reported in Odukomaiya et al. [36] .
Studied configurations
Configuration 2 aims to leverage the orders-of-magnitude difference in thermal capacitance between the gas and the liquid in GLIDES by recirculating the GLIDES liquid in a secondary loop and spraying it over the gas during charging and discharging. The previous study [36] shows that because of the large thermal capacity of the liquid, its temperature experiences a very narrow temperature swing during the entire cycle. Therefore, the liquid is cooler than the gas during compression and warmer than the gas during expansion. Spraying the liquid into the gas provides a favorable cooling effect during charging and warming effect in discharging. Spraying the liquid into the gas can be accomplished by pumping water from the bottom of the vessels into the top through a spray nozzle and a low-head pump. This imposes high pressure on the suction port of the pump. Pumps that can endure such high suction pressure are commercially available at high cost. This is mainly because their applications are limited and their production volume is low. In configuration 3 a heat exchanger is added downstream of the recirculation pump to take advantage of any available waste heat to further boost the expansion temperature of the gas.
Energy and heat transfer modeling formulations

Base configuration formulation
In this section, a detailed overview of the model is presented. A set of coupled differential equations representing the three major thermal masses (gas, liquid, tank walls) is developed to model the transient thermodynamic response of the GLIDES system. All the equations herein presented were implemented in a script written using the MATLAB programming environment. Fig. 4 presents each of the control volumes being considered. The tank walls are modeled as two separate control volumes. The first is the top portion of the tank walls in contact with the gas (T G ). The second is the bottom portion of the tank in contact with the liquid (T L ). Both control volumes have a dynamic mass that changes as the liquid level changes. Several assumptions are used in the development of this transient model: no spatial temperature gradients within each medium (lumped capacitance), an ambient temperature constant in time, constant thermophysical properties for the tank wall material, modeling of the gas inside the tanks as a RedlichKwong (RK) fluid using the RK equation of state (for better prediction than an ideal gas at high pressures) [40] , negligible heat transfer between the tank upper (T G ) and tank lower (T L ) masses, and all processes occurring at quasi-steady state.
The energy equation for the gas is Eq. (1). The term on the left is the time rate of change of the energy contained within the gas at time t; the first term on the right is the net rate at which energy is transferred in by heat transfer with the liquid; the second term on the right is the net rate at which energy is transferred in by heat transfer through the tank walls from the ambient; and the last term on the right is the net rate at which energy is transferred out by boundary work.
The energy equation for the liquid is Eq. (2). The term on the left is the time rate of change of the energy contained within the liquid at time t; the first term on the right is the net rate at which energy is transferred in by heat transfer with the gas; the second term on the right is the net rate at which energy is transferred in by heat transfer through the tank walls from the ambient; and the last term on the right is the net rate of energy transfer into the control volume accompanying mass flow.
The energy equation for the tank walls in contact with the gas is Eq. (3). The term on the left is the time rate of change of the energy contained within the corresponding mass at time t; the first term on the right is the net rate at which energy is transferred in by heat transfer with the gas on the inside; and the second term on the right is the net rate at which energy is transferred in by heat transfer with the ambient air on the outside. The energy equation for the tank walls in contact with liquid is Eq. (4). The term on the left is the time rate of change of the energy contained within the corresponding mass at time t; the first term on the right is the net rate at which energy is transferred in by heat transfer with the liquid on the inside; and the second term on the right is the net rate at which energy is transferred in by heat transfer with the ambient air on the outside.
The continuity equation for the gas is Eq. (5). The term on the left is the time rate of change of the volume of the gas at time t, and the term on the right is the volumetric flow rate of liquid displacing the gas.
The continuity equation for the liquid is Eq. (6). The term on the left is the time rate of change of the mass of liquid contained within the tanks at time t, and the term on the right is the mass flow rate of liquid into the tanks.
Eqs. (1)- (6) are discretized using a finite-difference method and used to solve the transient temperature response of the gas and liquid in 1 s time steps. The overall heat transfer coefficients UA G and UA L are calculated using an effective thermal resistance network with convection on the inner surface, conduction through the tank wall, and convection on the outer surface. The resulting expressions are seen in Eqs. (7) and (8) .
The gas-to-liquid heat transfer coefficient h G,L is calculated using correlations by Lloyd and Moran [41] for natural convection over a flat plate. The inner heat transfer coefficients h i,G and h i,L are calculated using LeFevre's [42] correlation by approximating the inside surface of a tank as a vertical wall. Finally, the outer heat transfer coefficient h o is modeled assuming forced convection over a vertical cylinder with a representative outdoor wind velocity of $3 m/s using a Churchill and Bernstein [43] correlation.
The charging process via the PD pump occurs at an approximately constant flow rate of liquid and is modeled as such. The discharge liquid flow rate-which is not constant and decreases as the gas pressure inside the tanks decreases-is calculated using a flow model that provides the instantaneous flow rate given the instantaneous gas pressure in the tanks over a given time step. It accounts for frictional piping losses from the tank discharge to the Pelton turbine nozzle discharge. The GLIDES model also captures the time-varying heat transfer areas, mass of liquid, mass of the two tank control volumes, the temperature-and pressuredependent thermophysical properties of the gas, and the temperature-dependent thermophysical properties of the liquid. The PD pump and electric generator efficiency profiles have been incorporated into the model. An 11 kW, 35 L/min motor/pump assembly and 6 kW electrical generator are used for simulation. The respective efficiency curves can be seen in Figs. 5 and 6. A conventional small-scale Pelton turbine efficiency profile is also incorporated [36, 38] . The following sections describe the additions to the baseline model [36] that enable the active heating and cooling modeling capabilities required for alternative system configurations 2 and 3 shown in Fig. 3. 
Direct-contact heat exchange via sprayed droplets
In this section, the formulation used to model the effect of the direct-contact heat exchange between the gas and the liquid obtained via spraying is described. Note that at such elevated pressures, the evaporation of the liquid is very small; hence, in this study, the liquid-gas mass diffusion has been neglected. First, it is assumed that a single droplet falls at constant terminal velocity; therefore, the drag and the gravity forces on each droplet are balanced, and the terminal velocity can be calculated with Eq. (9):
Because the droplets do not reach terminal velocity instantaneously, using the terminal velocity is a conservative estimate for droplet speed as it relates to heat transfer. In addition, the droplets could be falling faster as a result of coagulation of droplets sprayed from the nozzle. Obtaining the terminal velocity allows for the calculation of the droplet travel time or residence time in the gas using Eq. (10) since the distance from the top of the GLIDES tank to the liquid level below, L(t), is known. Thus, the droplet travel time can be defined as
The flow rate of the liquid being sprayed is a fixed parameter; therefore, since this value is known, the number of droplets being generated per unit time can be calculated with Eq. (11):
Using the value obtained from Eq. (11) and the residence times of droplets, the total number of droplets of liquid traveling through the gas at any given instance in time is computed using Eq. (12) .
Next, using an expression for the transient temperature profile for a falling droplet [Eq. (13)] [44] , the temperature change for a droplet as it travels from the top of the gas to the bottom can be calculated. This expression assumes lumped capacitance (Bi < 1), which is verified by calculation. The temperature of the droplets right before they hit the bulk liquid at the bottom of the tank is calculated (T dr ), given the gas temperature and the initial temperature of the drop at the outlet of the spray nozzle. Eqs. (11)- (13) were adapted from Ref. [44] , which outlines a procedure for modeling direct-contact heat exchange between a gas and liquid.
Tau (s dr ) is interpreted as the thermal time constant of the liquid droplet and can be expressed with Eq. (14):
Next, the Nusselt number for the drops is calculated using the Ranz and Marshall correlation [Eq. (15)] for a falling drop. Development of this Nusselt number correlation is outlined in Ref. [45] .
The resulting heat transfer coefficient is calculated in Eq. (16):
Given the results of these calculations, the heat loss (or gain) from the drops can be calculated using Eq. (17), given the temperatures of the drops as they enter and leave the gas. Note again that the outlet temperature is taken as the temperature of the drop right before it hits the bulk liquid at the bottom of the tank, and the inlet temperature is taken as the temperature of the drop upon exiting the spray nozzle.
The rate of heat loss from the entire spray is then calculated as follows in Eq. (18):
A mixing equation [Eq. (19) ] is then applied to calculate the effect of the droplets on the temperature of the bulk liquid at the bottom of the tank. At each time step, the enthalpy of the drops plus the enthalpy of the bulk liquid (pre-mixing) must equal the enthalpy of the combined liquid mixture (droplets plus bulk liquid):
This new mixed liquid temperature is then taken as the new bulk liquid temperature for the beginning of the next time step (T L = T L,mixed ), and Eq. (2) is solved with this new value. The effect of this heat transfer is included in the energy balance for the gas as follows. The rate of heat loss from the spray is added to the righthand side of Eq. (1) to account for heat loss or gain due to spray cooling or warming, resulting in Eq. (20) .
Waste-heat exchanger
To integrate the waste-heat exchanger, the heat exchanger effectiveness method is used assuming a 90% efficient heat exchanger (e = 0.9) [46] . Liquid water is modeled as the heat transfer fluid on the waste-heat side, and it is analyzed for various waste-heat source temperatures. Fig. 7 and Eqs. (21) and (22) show the waste-heat exchanger model.
Performance indicators
The performance of the GLIDES system is evaluated using four key indicators. The indicated efficiency (g ind ), which includes only thermodynamic losses from expansion and compression; the electric roundtrip efficiency (g elec ), which includes all losses; and the electrical energy density (ED) are calculated for all three GLIDES configurations. For configuration 3, since a combination of work and heat is fed into the system, the exergetic efficiency (g Ex ) is used in addition to the other three indicators. The performance indicators are defined as follows in Eqs. (23)- (26) 
4. Results Table 2 summarizes the system parameters used in simulating the scenarios presented in this section. Optimization of key system design parameters, such as maximum operating pressure, is not addressed here. This work focuses on a model of the cycle, using system design parameters that were selected for a proof-ofconcept base configuration prototype assembled at ORNL. In this study, liquid water is taken as the liquid, and air is taken as the gas.
System specifications
Base cycle (configuration 1)
Figs. 8-10 show the temperature profiles, a p-V diagram, and an energy breakdown of the GLIDES base configuration (configuration at left in Fig. 3 ). These assume a usage profile of charging followed by a 12-h pause, then discharging. In Fig. 8 , charging occurs during the first hour. The gas temperature increases as the gas is compressed, and some heat is lost via heat transfer to the cooler water and the ambient. The charging process is followed by a 12-h pause period, during which the system temperature is allowed to return to equilibrium with the ambient. The pause period is accompanied by a slight reduction in pressure due to heat loss to ambient. Note that this pause period is not an operational requirement but was added in simulation for performance evaluation purposes as worst-case scenario due to heat loss during the pause. Actual operation is flexible. Charging can be followed by pause of any length, or no pause at all, and the system can switch from charging to discharging and vice versa in a timescale on the order of seconds. During discharging (hour 12-13), initially the temperature decreases rapidly as the gas expands and cools. However, cooling due to expansion and warming due to heat transfer to the gas (from the now warmer ambient) oppose each other. As the gas volume increases, and the water level in the tanks goes down, the corresponding heat transfer surface area increases, and the heat transfer from the now warmer ambient to the gas begins to overcome and reverse the cooling due to expansion. The maximum and minimum gas temperatures are 62 and 13°C, respectively, and are marked by the isotherms in the p-V diagram (Fig. 9) . The work input needed for compression (the area under the curve from state 1 to state 2 in Fig. 9 ) minus the work output during expansion (the area under the curve from state 2 to state 3) represents the lost work due to non-isothermal compression and expansion; this is the area enclosed by the four state points. In Fig. 10 , the breakdown of the efficiency and the system losses for the base configuration (configuration 1) are given; the largest contribution to losses is from non-isothermal expansion and compression. The pump/motor and turbine/generator losses are calculated using the respective characteristic efficiency curves for those components [36] ; they are 6 and 7%, respectively, for the pump/motor and 6 and 5%, respectively, for the turbine/generator. An indicated efficiency of g ind = 0.90 is achieved, corresponding to an electrical (120 V, 60 Hz) RTE of g elec = 0.66 and an ED = 2.48 MJ/m 3 . Note that this energy density corresponds to operation with maximum operating pressure around 130 bar, which was selected based on the maximum operating pressure of the pressure vessels used in the proof-of-concept prototype. Energy density increases as the maximum operating pressure of the pressure vessels increases [36] . When operated with a single Pelton turbine jet, this configuration produces a maximum power output of 2.4 kW at the beginning of discharging, and a minimum of 1.2 kW at the end of discharging. Note that the system is not constrained to the operation described here. If the charging process does not occur continuously (such as might be the case if it were tied to intermittent renewable sources), the temperature gain during charge would be decreased, and the subsequent pressure/temperature loss immediately following the charging process would also be lessened. This would result in lower expansion/compression losses and higher RTE. Furthermore, if the discharging process is initiated immediately following the charge (i.e., no pause time), the pressure/temperature losses due to standby would be eliminated, also resulting in higher RTE. If instead this base configuration is run with no pause time, as opposed to 12 h of pause time, the RTE improves from g elec = 0.66 to g elec = 0.69. Fig. 11 shows the transient temperature and pressure profiles for the gas and the temperature profile for the liquid for operation of configuration 2 (the middle image in Fig. 3 ). It can be seen that, compared with the base configuration, spraying improves efficiency by reducing the maximum gas temperature (from 62 to 32°C) and increasing the minimum gas temperature (from 13 to 22°C).
Near-isothermal expansion/compression (configuration 2)
A p-V representation of the configuration 2 gas cycle can be seen in Fig. 12 . Spraying at 12 L/min with a nozzle producing an average drop diameter of D dr = 50 lm results in a 6 percentage point boost in g ind , from 0.90 to 0.96, corresponding to an ED = 3.08 MJ/m 3 and g elec = 0.70. There is a noticeable decrease in lost work due to expansion and compression, represented in the thinner p-V curve, as the isotherms are brought closer together. When taken individually, the compression and expansion p-V curves (state 1-2 and state 3-4) are very nearly isothermal. This is depicted by the small deviation from the 22°C and 32°C isotherms which are shown with orange dashed lines. When operated with a single Pelton turbine jet, this configuration produces a maximum power output of 2.76 kW at the beginning of discharging, and the minimum is 1.25 kW at the end of discharging, a slight improvement over the base configuration.
Accounting for the pumping power required to overcome the spray nozzle pressure drop introduces a new category of loss, as seen in Fig. 13 ; but it accounts for only a 1% efficiency loss.
The electrical RTE g elec was studied for various spray flow rates and droplet diameters ranging between 50 and 5000 lm. A smaller average droplet diameter results in improved RTE due to an increase in the heat transfer surface area between the bulk gas and the sprayed liquid droplets. However, the increase in pump energy that would be required to produce smaller droplet sizes is not accounted for. The spray flow rate was optimized near 12 L/ min, as seen in Fig. 14 ; at a higher flow rate, the benefits of increased RTE are outweighed by the increased additional spray nozzle pressure drop and pumping power required.
Waste-heat integration (configuration 3)
In configuration 3 (the image at the right in Fig. 3 ), a heat exchanger is added downstream of the spray pump to preheat the spray liquid, using any available waste heat to further enhance the effect of spray warming during gas expansion. In this case, waste heat is simulated as a stream of water with a source temperature of 70°C. With a 90% efficient waste-heat exchanger, the spray stream is introduced into the gas at 65°C. After the sprayed droplets exchange heat with the gas, the gas is warmed to a maximum of 59°C, resulting in the temperature and pressure profiles seen in Fig. 15 . Immediately after the discharging process begins, a boost in pressure occurs as heat is added to the gas. The cooling during expansion (which occurred in configuration 2) is reversed to a net warming to 59°C. The thermodynamic cycle becomes very similar to a high efficiency Stirling cycle, as seen in Fig. 16 .
The effect of using the waste-heat exchanger on the GLIDES gas cycle and on the shape of the p-V curve can be seen in Fig. 16 . During compression, spray recirculation is used, leveraging the ordersof-magnitude difference in thermal capacitance between the gas and the liquid to keep the compression near-isothermal. During expansion, the waste-heat exchanger is used in addition to spray-recirculation to precondition the spray stream, effectively storing heat. Because of the large boost in expansion temperature, the area under the expansion curve (state 3-4) is now larger than the area under the compression curve (state 1-2), meaning that more hydraulic work is extracted from the system than was stored via the pump; essentially, g ind = 1.07. The cycle begins at state 1 with compression to state 2 via the pump while using the spray stream to keep the process near-isothermal. During the pause after compression, some heat is lost through the tank walls to the cooler ambient (state 2-3). As expansion begins, the waste-heat exchanger comes into use, adding heat and boosting the pressure above state 2, providing an increase in the electricity extracted. Some of the ancillary losses due to the pump/motor and turbine/generator are recovered, resulting in g elec = 0.78 and ED = 3.43 MJ/m 3 . Note that this is for a waste-heat input temperature of 70°C, and the performance further increases for higher waste-heat temperatures, as seen in Table 2 and Fig. 18 . If waste-heat input were to begin at state point 2, instead of at state point 3, the p-V diagram would approach a high-efficiency Stirling cycle. For reference, an ideal Stirling cycle operating between two thermal energy reservoirs at 25°C (ambient temperature) and 70°C (waste-heat source temperature) is shown in Fig. 16 with a green 1 dotted line. With the addition of waste-heat input, and operation with a single Pelton turbine jet, maximum power output is 2.9 kW, and minimum is 1.5 kW; an increase in power output is achieved due to the pressure boost provided by addition of waste heat. For configuration 3, the sum of the RTE and itemized losses is greater than 100%. In other words, some of the losses are recovered by the addition of waste heat. Fig. 17 shows the fraction of exergy inputs (a), as well as the roundtrip efficiency and system losses (b). This configuration of the GLIDES system represents a combined energy storage and heat engine cycle, with low-or mediumgrade heat used to boost electricity production. Table 3 and Fig. 18 summarize the performance of the three GLIDES configurations and of configuration 3 with various wasteheat source temperatures.
Conclusions
The simulation and analysis presented in this paper show that GLIDES has the potential to be a transformative technology for energy storage. A prototype developed at Oak Ridge National Laboratory could achieve roundtrip efficiency ranging from 66% to 82%, with an energy density in the 2.46-3.59 MJ/m 3 range, depending on system configuration. The maximum operating pressure simulated in this study was limited so as to not exceed 140 bar due to prototype design limitation. A system designed for higher allowable operating pressure would achieve higher energy density. This study demonstrates that additional efficiency gains can be realized by using heat transfer enhancement strategies, such as liquid spraying, to achieve direct-contact heat exchange between gas and liquid and leveraging any available waste heat to counter the expansion cooling and provide a thermal boost. Waste heat could be harnessed, for example, from the condensers of airconditioning systems, solar-thermal hot water receivers, combined heat and power systems, geothermal wells, or waste heat exhaust from turbines or stacks. Feasibility simulations to study the potential impact of such measures suggest that round trip efficiency could be boosted from g ind = 0.90 (g elec = 0.66) in the base configuration to g ind = 1.12 (g elec = 0.82) or higher, depending on the waste-heat source temperature. GLIDES could reach even higher round trip efficiencies if higher-efficiency ancillary components 1 For interpretation of color in Fig. 16 , the reader is referred to the web version of this article.
(i.e., motors/generators whose efficiencies scale with size) are used.
